Background: Some investigators reported that among athyreotic patients on levothyroxine (LT4) monotherapy following total thyroidectomy, the patients with normal serum thyrotropin (TSH) levels had mildly low serum free triiodothyronine (fT3) levels, whereas the patients with mildly suppressed serum TSH levels had normal serum fT3 levels, and the patients with strongly suppressed serum TSH had elevated serum fT3 levels. The objective of the present study was to clarify which of these three patient groups is closer to their preoperative euthyroid condition. Methods: A total of 133 consecutive euthyroid patients with papillary thyroid carcinoma who underwent a total thyroidectomy were prospectively studied. The patients' serum levels of lipoproteins, sex hormone-binding globulin, and bone metabolic markers measured preoperatively were compared with the levels measured at postoperative LT4 therapy 12 months after the thyroidectomy. Results: The postoperative serum sex hormone-binding globulin ( p < 0.001) and bone alkaline phosphatase ( p < 0.01) levels were significantly increased in the patients with strongly suppressed TSH levels (£0.03 lIU/mL). The postoperative serum low-density lipoprotein cholesterol levels were significantly increased ( p < 0.05), and the serum tartrate-resistant acid phosphatase-5b levels were significantly decreased ( p < 0.05) in the patients with normal TSH (0.3 < TSH £5 lIU/mL). In the patients with mildly suppressed TSH (0.03 < TSH £0.3 lIU/mL) and fT3 levels equivalent to their preoperative levels, all metabolic markers remained equivalent to their preoperative levels. Conclusions: The serum biochemical markers of thyroid function in patients on LT4 following total thyroidectomy suggest that the patients with mildly suppressed TSH levels were closest to euthyroid, whereas those with normal TSH levels were mildly hypothyroid and those with strongly suppressed TSH levels were mildly hyperthyroid. These data may provide novel information on the management of patients following total thyroidectomy for thyroid cancer or benign thyroid disease.
Introduction
T here are two thyroid hormones: thyroxine (T4) and triiodothyronine (T3). T3 is the biologically active thyroid hormone. In normal subjects, 100% of T4 is secreted by the thyroid, approximately 20% of T3 is secreted from the thyroid gland, and approximately 80% of T3 derives from the conversion of T4 to T3 in extrathyroidal peripheral tissues (1) . A relative T3 deficiency may thus be present in athyreotic patients during T4 monotherapy. The authors and other investigators (2-5) compared postoperative T3 levels in patients on levothyroxine (LT4) therapy with their own preoperative levels or those in euthyroid controls. These studies indicate that in the athyreotic condition after the total thyroidectomy during LT4 therapy, patients with normal serum thyrotropin (TSH) levels had mildly low serum free T3 (fT3) levels, and patients with suppressed serum TSH levels had normal serum fT3 levels. The question arises over which of these two patient groups is in a euthyroid condition.
An animal study has shown that LT4 alone administered to thyroidectomized rats at doses to normalize plasma TSH levels does not normalize T3 content in some tissues (6) . A recent study reported that the combination of high serum T4 and low serum T3 levels in rats on T4 monotherapy suggested that brain, liver, and skeletal muscle had some alterations consistent with hypothyroidism, despite normal serum TSH levels (7) . However, in humans, it is unclear whether such mild T3 deficiency affects the thyroid hormone action in postoperative athyreotic patients on LT4 therapy.
The objective of the present study was to compare, among patients who underwent total thyroidectomy, serum levels of peripheral markers of thyroid function (i.e., serum levels of lipoproteins, bone metabolic markers, and sex hormonebinding globulin [SHBG] ) measured preoperatively with the levels in the same individuals after LT4 therapy in order to clarify whether a mild T3 deficiency affects thyroid function in postoperative athyreotic patients on LT4 therapy. Only patients with papillary thyroid carcinoma, which should not have an impact on conversion of T4 to T3 by thyroid tissue (8) , were selected for the present study.
Materials and Methods

Patients
This nonrandomized, controlled, prospective cohort study recruited euthyroid patients who underwent a total thyroidectomy for papillary thyroid carcinoma between October 2011 and February 2013 at Kuma Hospital in Kobe, Japan. The 10 exclusion criteria were: (i) patients with thyroid malignancies other than papillary carcinoma; (ii) patients with thyroid dysfunction, such as Graves' disease, thyroid dyshormonogenesis, autonomously functioning thyroid nodules, or hypothyroidism; (iii) patients taking drugs known to affect thyroid function or thyroid hormone metabolism, such as a steroid, estrogen, amiodarone, lithium, b-blocker, sucralfate, iron, or iodine-containing drug; (iv) patients with chronic or serious diseases that affect lipid or bone metabolism such as cardiac, pulmonary, hepatic, renal, or pancreatic diseases, diabetes, or hyperparathyroidism; (v) patients taking a lipid-lowering agent during the study period; (vi) patients with a serum triglyceride level >400 mg/dL; (vii) patients taking drugs known to affect bone metabolism, such as a calcium supplements, vitamin D, calcitriol, dihydrotachysterol, or bisphosphonates; (viii) pregnant, lactating, or perimenopausal patients; (ix) patients with a body mass index (BMI) <18 or >30 kg/m 2 ; and (x) patients with a physical disability or participating in a competitive sport.
Patients who had postsurgical hypoparathyroidism, those who had developed metastasis, and those who failed to achieve the target TSH levels were also excluded. The present study was approved by the Ethics Committee at Kuma Hospital, and all patients gave informed consent to participate in the study.
Study protocols
This study initially included 165 patients (18-78 years old) who underwent a total thyroidectomy for papillary thyroid carcinoma. All patients also underwent central node and/or modified neck dissection. An attempt was made to preserve parathyroid glands in situ with their blood supply. However, if they were resected or devascularized, they were minced and autotransplanted into the sternocleidomastoid muscle. The patients were initially administered 2.0 lg/kg of LT4 daily after the total thyroidectomy. Thyroid function tests were performed one month after surgery and every three months thereafter. The LT4 dosage was adjusted to achieve the target TSH levels determined according to the risk of recurrence based on the three-level stratification in American Thyroid Association (ATA) guidelines (9) .
The target serum TSH levels were strongly suppressed TSH levels (£0.03 lIU/mL) for the 72 high-risk patients, mildly suppressed TSH levels (0.03 < TSH £0.3 lIU/mL) for the 55 intermediate-risk patients, and normal TSH levels (0.3 < TSH £5 lIU/mL) for the 38 low-risk patients. The dose of LT4 was unchanged for the last three months before the postoperative evaluation described below. The patients' metabolic profiles and thyroid function test results were evaluated 12 months after the thyroidectomy.
A total of 133 patients completed the study (Fig. 1) . Reasons for discontinuation of the study during the observation period were (in order of frequency): the initiation of vitamin D due to postsurgical hypoparathyroidism or osteoporosis (n = 11), failure to follow up (n = 5), failure to achieve the target TSH levels (n = 5), triglyceride >400 mg/dL (n = 4), menopause (n = 4), the initiation of a lipid lowering agent (n = 2), and the initiation of glucocorticoid (n = 1). The clinical features of the three patient groups in the study are given in Table 1 . Age, body weight, BMI, the sex ratio, and menopausal state were similar among the groups.
Laboratory serum tests
Each patient's preoperative thyroid profile was obtained two days before surgery. The postoperative thyroid profiles were obtained after stabilization of the thyroid profiles 12 months after the thyroidectomy. Blood samples were obtained in the morning after the patient fasted overnight and after the ingestion of LT4. The patients' serum levels of TSH, fT4, and fT3 were measured with a chemiluminescent immunoassay (ARCHTECT i2000; Abbott Japan, Tokyo, Japan). The intra-assay coefficients of variation and the interassay coefficients of variation were 1.1-5.0% and 1.7-5.3% for the TSH assay, 2.3-5.3% and 3.6-7.8% for the fT4 assay, and 1.4-4.2% and 2.3-5.0% for the fT3 assay. The reference ranges in the authors' hospital are 0.3-5.0 lIU/mL for TSH, 0.7-1.6 ng/dL for fT4, 1.7-3.7 pg/mL for fT3, and 1.8-3.3 ([pg/mL])/[ng/dL]) for the fT3/fT4 ratio.
The levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and triglycerides were measured by enzyme assays. The non-HDL-C levels were calculated as (TC -HDL-C). The low-density lipoprotein cholesterol (LDL-C) levels were calculated by the Friedewald formula. SHBG was measured by an electrochemiluminescence immunoassay (Roche Diagnostics, Mannheim, Germany). Serum calcium was corrected with serum albumin. Serum intact parathyroid hormone (PTH) levels were measured by an electrochemiluminescence immunoassay (Roche Diagnostics). Serum bone alkaline phosphatase (BAP) was measured as a bone formation marker using a chemiluminescent enzyme immunoassay (Beckman Coulter, Indianapolis, IN). Serum tartrate-resistant acid phosphatase (TRACP)-5b was measured as a marker of bone resorption using an enzyme-linked immunosorbent assay (Nittobo Medical, Tokyo, Japan).
Statistical analysis
Grouped data are expressed as the mean -standard deviation. The postoperative three group comparisons were analyzed by unpaired t-test in case of normal distribution and by Mann-Whitney U-test in case of nonparametric distribution, using Bonferroni corrections for multiple comparisons. Significance was defined as a corresponding p-value of <0.05/3 (two-sided). Treatment effects (pre-vs. post-T4 replacement) were analyzed by the paired t-test for normal distribution and by Wilcoxon's signed rank test for nonparametric distribution. Significance was defined as a corresponding p-value of <0.05 (two-sided). Statistical analyses were performed using R package v3.0.2 (R Core Team, Vienna, Austria).
Results
Body weight and heart rates
The patients' body weights and heart rates at rest (per minute) before and after total thyroidectomy are shown in Table 2 . The body weights were unchanged in all groups. In the patients with strongly suppressed TSH levels, the postoperative heart rates were significantly increased ( p < 0.001; Table 2 ). On the other hand, in the other two patient groups, the postoperative heart rates were not significantly different from the pretreatment levels (mildly suppressed TSH group: p = 0.415; normal TSH group: p = 0.181; Table 2 ).
Thyroid function tests
The serum levels of TSH, fT4, and fT3 were within the reference ranges in all patients preoperatively. Table 2 shows the TSH, fT4, and fT3 levels before and after total thyroidectomy in the three patient groups. In the patients with strongly suppressed TSH levels at £0.03 lIU/mL, the postoperative serum fT3 levels were significantly increased ( p < 0.001). However, only 3/58 patients had serum fT3 levels higher than the normal upper limit.
In the patients with mildly suppressed TSH levels at 0.03 < TSH £ 0.3 lIU/mL, the postoperative serum fT3 levels were equivalent to their preoperative levels ( p = 0.430). In the patients with normal TSH levels (0.3 < TSH £5 lIU/mL), the serum fT3 levels were significantly decreased postoperatively ( p = 0.016), although they were within the reference ranges.
The postoperative fT3 levels in each group stratified by TSH level were significantly different from those in the other two groups. The serum fT4 levels were significantly increased postoperatively in all three groups. However, the magnitude of increase varied according to the TSH levels.
Lipid profiles
The changes in the patients' lipid profile before and after total thyroidectomy are shown in Table 2 . In the patients with strongly suppressed TSH levels, the levels of postoperative serum TC decreased, but these lower levels were not significantly different from the pretreatment levels ( p = 0.108). The serum levels of triglyceride (TG), HDL-C, LDL-C, and non-HDL-C were not changed.
In the patients with mildly suppressed TSH levels, all of the postoperative lipid items in the present study were not significantly different from the pretreatment levels. In the patients with normal TSH levels, the levels of postoperative serum total cholesterol and non-HDL-cholesterol increased, but these lower levels were not significantly different from the pretreatment levels ( p = 0.065 and p = 0.058, respectively). The postoperative serum LDL-C levels were significantly increased ( p = 0.037). The serum triglyceride levels were unchanged in all three groups.
SHBG
In the patients with strongly suppressed TSH levels, the postoperative serum SHBG levels were significantly increased ( p < 0.001; Table 2 ). On the other hand, in the other two patient groups, the postoperative serum SHBG levels were not significantly different from the pretreatment levels (mildly suppressed TSH group: p = 0.851; normal TSH group: p = 0.209; Table 2 ).
Bone turnover markers
The serum calcium and intact PTH levels were significantly decreased postoperatively in all three patient groups, although they were within the reference ranges (data not shown). Therefore, in order to eliminate the influence of thyroidectomy on parathyroid function as much as possible, the patients whose serum-intact PTH levels were >10 pg/mL at one day after thyroidectomy were extracted (10, 11) . Of the 133 patients, 71 had serum-intact PTH levels >10 pg/mL at one day after thyroidectomy (Table 3) . (14) 63 (17) 63 (20) 63 (14) 64 (11) Non-HDL-C (mg/dL) 139 (31) 135 (28) 131 (31) 129 (34) 134 (28) 138 (26) LDL-C (mg/dL) 114 (27) 111 (28) 104 (26) 104 (30) 108 (26) 114 (24) In the patients with strongly suppressed TSH levels, the serum calcium and intact PTH levels were significantly decreased postoperatively (calcium: p < 0.05; intact PTH: p < 0.05). The patients' serum TRACP-5b levels were unchanged ( p = 0.722). In contrast, the postoperative serum BAP levels were significantly increased ( p < 0.01). In the patients with mildly suppressed TSH levels, the postoperative serum calcium and intact PTH levels were not significantly different from the pretreatment levels (calcium: p = 0.371; intact PTH: p = 0.082). The postoperative serum BAP and TRACP-5b levels were not significantly different from the pretreatment levels (BAP: p = 0.077; TRACP-5b: p = 0.576).
In the patients with normal TSH levels, the serum calcium and intact PTH levels were significantly decreased postoperatively (calcium: p < 0.05; intact PTH: p < 0.01). The serum TRACP-5b levels were significantly decreased postoperatively ( p < 0.05). The serum BAP levels were unchanged ( p = 0.451).
Discussion
In the present study, the patients with normal TSH levels had serum fT3 levels that were significantly lower than the preoperative levels. The patients with mildly suppressed TSH levels had serum fT3 levels equivalent to the preoperative levels. The patients with strongly suppressed TSH levels had significantly higher serum fT3 levels. Thus, the results obtained for the present patients who underwent a total thyroidectomy during LT4 therapy were consistent with the authors' previous studies (2, 12) and with those of Gullo et al. . These findings suggest that the reason underlying the decreased serum T3 levels in such patients is the lack of intrathyroidal T3 production caused by the absence of the thyroid gland.
Werneck de Castro et al. reported that the serum cholesterol levels were reduced in T4-treated rats compared with those in thyroidectomized hypothyroid rats, although not to the levels observed in the euthyroid control animals (7). Serum triglyceride levels were also elevated in the thyroidectomized hypothyroid rats in that study, but T4 monotherapy resulted in the normalization of their levels, not different from the euthyroid control animals (7). In the present T4-treated human study, the postoperative serum LDL-C levels were increased in the patients with normal TSH levels, whereas the serum triglyceride levels were unchanged-findings that are in agreement with the results in thyroidectomized rats.
Thyroid hormone increases the expression of cell surface LDL-C receptors expressed in fibroblasts, the liver, and other tissues. The decrease in LDL-C receptors leads to a reduced clearance of LDL-C from the serum (13) . Hypothyroidism may also lead to increased intestinal cholesterol absorption in the gut (14) . The thyroid hormone effects on LDL-C receptor expression and cholesterol absorption outweigh the effects of decreased hepatic cholesterol synthesis by HMG CoA reductase, leading to a net accumulation of serum LDL-C in hypothyroidism. In addition to LDL-C, a disturbed metabolism of TG-rich lipoprotein or non-HDL-C (which includes both LDL-C and TG-rich lipoprotein) occurs in hypothyroidism, and these changes are also observed in mild hypothyroidism (15, 16) . Thyroid hormone increases lipoprotein lipase activity. Lipoprotein lipase lowers the TG level through the hydrolysis of TG-rich lipoprotein. Higher serum TG may be observed in hypothyroid individuals because of their lower lipoprotein lipase activity (17) . Both the authors and Werneck de Castro et al. (7) observed a significant change in LDL-C and no significant change in TG because of differences in the mechanism of action of thyroid hormone on LDL-C and TG levels.
The SHBG level is considered a sensitive marker of thyroid action in liver cells, and increased SHBG levels have been reported in hyperthyroidism, whereas normal or lower levels have been observed in hypothyroidism (18, 19) . Alevizaki et al. reported that athyreotic patients with T4-treated hypothyroidism and normal TSH levels had lower T3 and lower SHBG levels compared with controls (20) . In the present study, a decrease in SHBG levels was not seen in the patients with normal TSH and decreased T3 levels.
In the present investigation of bone metabolism, the patients with strongly suppressed TSH levels and those with normal TSH levels had serum calcium and intact PTH levels that were significantly lower than their preoperative levels, suggesting that there is a certain effect on parathyroid function due to total thyroidectomy in these two patients groups. The postoperative serum BAP levels were increased in the patients with strongly suppressed TSH levels, even though the serum calcium and intact PTH levels were decreased, suggesting that the effect of thyrotoxicosis on bone overcomes the effect of the decrease of PTH, and therefore that these patients have thyrotoxicosis. The postoperative serum TRACP-5b levels were decreased in the patients with normal TSH and low T3 levels. It is unclear whether this decrease is due to the deficiency of thyroid hormone and/or the deficiency of PTH because these patients' serum calcium and intact PTH levels were decreased postoperatively.
On the other hand, the patients with mildly suppressed TSH levels had serum calcium and intact PTH levels equivalent to their preoperative levels, suggesting that the parathyroid function of these patient groups is less affected by a total thyroidectomy. Since changes in bone metabolic markers were not observed in this situation, it is suggested that patients with mildly suppressed TSH levels were close to preoperative euthyroidism from the viewpoint of bone metabolism.
Thyrotoxicosis results in a state of high bone turnover with increased bone resorption and formation rates. Accordingly, biochemical markers of bone formation such as serum BAP levels (21) and those of resorption such as serum TRACP-5b levels (22) are all elevated in hyperthyroidism and generally correlate with disease severity. Although several studies of patients with TSH-suppressive LT4 therapy for postoperative differentiated thyroid cancer (DTC) have been reported, there is no uniform answer to this suspicion. In general, it appears that TSH-suppressive LT4 therapy for postoperative DTC accelerates bone turnover but only in premenopausal women (23, 24) . Moreover, the degree of serum TSH suppression required to avoid this effect is unknown.
In addition, few studies of the effects of thyroid hormone on biochemical markers of bone turnover or bone mineral density (BMD) according to the presence of both latent hypoparathyroidism and subclinical thyrotoxicosis have been reported. The authors (25) and other investigators (26) studied the BMD in patients who underwent total thyroidectomy, and the results revealed that BMD values were higher in the patients with latent or overt hypoparathyroidism than they were in the patients without hypoparathyroidism. Thus, the reason why the effect of the TSH-suppressive treatment by LT4 on bone metabolism in patients who underwent total thyroidectomy is unclear may be that such patients not only have mildly decreased PTH levels but also have normal serum T3 levels. As a factor that reflects bone metabolism in patients who have undergone a thyroidectomy, it has been proposed that TSH may be a direct negative regulator of bone turnover acting via the TSH receptor on both osteoblasts and osteoclasts (27) . However, the existing data on the potential role of TSH on bone remodeling are conflicting (28) .
Athyreotic patients who have undergone a total thyroidectomy live in a chronic condition of abnormal thyroid hormone status for the remainder of their lives. Therefore, even though the thyroidal dysfunction may be subtle, its long-term effects cannot be overlooked. The ATA states in its guidelines for the treatment of hypothyroidism that there is insufficient evidence of benefit to recommend that treatment with LT4 be targeted to achieve low-normal TSH values or high-normal T3 values in patients with hypothyroidism who are athyreotic (29) . The results of the present study suggest that a mildly TSH suppression of LT4 can be recommended to achieve preoperative native fT3 levels and euthyroid status in athyreotic patients who have undergone a total thyroidectomy. The ATA guidelines for adult patients with thyroid nodules and DTC state that the serum TSH should be maintained <0.1 mIU/L indefinitely in the absence of specific contraindications in patients with persistent disease in the long-term follow-up of DTC (30) . The present findings suggest that a mildly TSH-suppressive treatment (approximately 0.1 mIU/L by LT4) may not necessarily cause thyrotoxicosis. Rather, it may result in euthyroidism in patients who have undergone a total thyroidectomy for DTC.
There are some possible limitations in the present study. First, the limited number of study patients, unequal group distribution, and single time point reduced the internal validity of the study. Second, the follow-up period was not long enough to investigate the effect of the difference in postoperative T4 treatment on the endpoint of metabolic disorders such as atherogenesis, BMD, or bone fracture. Further welldesigned studies are necessary to clarify the long-term effect at multiple centers. In addition, this study did not evaluate the symptoms of thyroidal dysfunction, their qualities of life, or 24-hour heart-rate monitoring. Studies including measures of these clinical parameters are also needed to clarify the best method of managing patients with postoperative athyreosis.
In conclusion, the serum biochemical markers of thyroid function in patients on LT4 following total thyroidectomy demonstrated, apparently for the first time, that in humans, the patients with mildly suppressed TSH levels were closest to euthyroid, whereas those with normal TSH levels were mildly hypothyroid, and those with strongly suppressed TSH levels were mildly hyperthyroid. These data may provide novel information on the management of patients following total thyroidectomy for thyroid cancer or benign thyroid disease.
